In order to satisfy the braking comfort of electric vehicles, the braking performance and braking force distribution schemes are studied for the coupling braking system of mechanical friction and electric regenerative braking of electric vehicles. First, the performance of the coupling brake system was analyzed. Then the problem of braking force distribution is studied, and the logical distribution of braking force based on comfortness is proposed. The influence of braking strength and braking speed on the braking comfort of electric vehicles is fully considered. So the braking force is distributed between the two braking systems and between the front and rear axles to meet the comfort. The consistency of the two braking systems is achieved through multidisciplinary modeling, comprehensive simulation and system optimization design. And the electric vehicle model was established on the MATLAB, AMESim and ADAMS cosimulation platform, then the braking comfort and safety of the electric vehicles were simulated. The simulation results were in compliance with the ECE regulations. Finally, the braking efficiency of the series and parallel braking distribution strategies under gravel pavement is compared. The results show that the braking efficiency of the series braking distribution strategy is better. Through theoretical simulation and experimental tests, it is found that the braking force distribution strategy is feasible and effective. Electro-hydraulic brake system has good performance, paving the way for the industrialization of electric vehicles.
Introduction
Due to the environmental pollution and energy shortage, electric vehicles(EVs) have become a hot research topic in the vehicle industry all over the world. Comfortness of EVs have also attracted much attention.
For the braking system of EVs, on the one hand, it is necessary to ensure the braking efficiency and stability; on the other hand, to achieve comfortness of braking. However, the traditional mechanical friction braking system cannot meet the requirements of modern people for EVs, which puts forward a great problem to the design of braking system. And the regenerative braking system can achieve more precise braking control. Therefore, the coupling braking system(CBS) of mechanical friction and regenerative came into being, which has the common characteristics of both braking modes.
Because of the nonlinear and strong coupling characteristics of the braking of EVs, especially the time of braking process and the wide range of its parameters, the distribution strategy of braking force currently used is relatively single, which cannot achieve the coordination of braking and comfortness. In this paper, the appropriate braking strategy chose to meet the coordination of braking and comfortness under the premise of safety for the CBS of EVs. This paper is organized as follows: Section 2 describes the outline of the CBS of EVs. Section 3 is the problem on the distribution braking force of the CBS. Then model and simulations are performed in Section 4. Section 5 is the verification of experimental. Section 6 is conclution.
The outline of the CBS of EVs
Coupled braking system is a device which uses both mechanical friction and electric regenerative to brake EVs [1] , so that EVs can decelerate or even stop according to the driver's requirements. The coupling system not only determines the working mode of EVs, but also provides the basis for the formulation of distribution strategyof braking force, and ultimately has a significant impact on comfortness of EVs.
The performance of CBS has many elements, such as comfortness. Comfortness is main aspects of EVs performance. During the braking, instable working conditions such as the deviation and siding slip of braking wheel should be avoided as far as possible, and the fluctuation of deceleration should be avoided to reduce comfortness of EVs. The CBS performance is affected by numerous factors, such as power-train system, structure design of EVs, control strategy and braking condition, etc. Right now our efforts are focused on comfortness. Comfortness is the kinetic comfort removed from the EVs during braking. It is determined by the braking speed, braking strength, distrition strategy og braking force and other factors. When the EVs structure and power-train system parameters are determined, the control strategy and the braking condition become the major factors for comfortness. And braking conditions include the braking velocity and braking rate.
As can be seen from figure 1, comfortness is significantly affected by braking conditions, the best comfortness is the result of braking velocity and braking strength. When braking velocity and braking strength have only one change, the change of braking strength is more conducive to improving comfortness. 
The distribution strategy of braking force under different braking strength
When EVs brakes, the friction between wheels and ground is different, skidding, tilting and rollover are easy to occur. In order to effectively avoid this phenomenon, it is necessary to study the distribution strategy of braking force. At the moment of EVs braking, through different road conditions, wheels brake in different ways and forces, and the braking force constantly adjust in motion, so as to ensure comfortness of EVs.
The ideal braking state is the simultaneous locking of front and rear wheels during braking. The distribution formula of braking force in this state is [2] :
Where ff fr F and F are the friction braking force of front and rear wheel respectively; G is gravity of EVs; g h is the centroid height of EVs; b is distance from rear axle to centre of mass; L is the wheelbase of EVs.
To ensure the safety of driving brake, the ECE R13 Regulation formulated by the United Nations Economic Commission for Europe sets clear requirements for the ratio of front and rear axles braking force in the process of braking [2, 3] . 
Where fr φ ,φ are adhesion coefficient of the front and rear axle; z is braking strength; g h is the centroid height of EVs; L is the wheelbase of EVs; a is distance from front axle to centre of mass; b is distance from rear axle to centre of mass; β is the distribution coefficient of brake force, that is, the ratio of braking force of front axle to total braking force of front axle and front axle. The regenerative braking force distribution coefficient of the front axle of EVs is defined as e  ,that is, the ratio of electric regeneration power of front axle to total braking force of front axle. When the regenerative braking system is not involved in braking, e β =0 ; When the motor is involved in braking,
Where bf F is the braking force of front axle; d F is required braking force, that is , the total braking force of front and rear axle.
EVs model
The EVs model with regenerative braking system mainly includes five important sub-models: brake pedal model, torque controller model, hydraulic braking system model with ABS function, motor regenerative braking system model and vehicle transmission system model. The EVs model of the braking system is shown in figure 2 . The brake pedal simulator interprets the driver's braking intention according to the pedal displacement and speed signals, and finally determines the braking mode. According to the distribution strategy in the torque controller, the regenerative braking torque of the motor and the braking torque of front and rear wheels are calculated, and the regenerative braking torque signal of the motor input directly to the motor controller. The brake torque signal of the front and rear wheels should be input to the signal conversion unit of the pressure reducing valve, and the control signal of the pressure reducing valve in the braking of the front and rear wheels can be converted by this unit. Hydraulic oil from the pressure reducing valve first enters the ABS hydraulic model for pressure control, and finally enters the wheel cylinder to convert the hydraulic pressure into friction. At the same time, there are many sensors to control the signals.
Simulation and analysis of CBS
In order to achieve the best comfortness, this paper designs the distribution strategy of braking force. The quality of braking force distribution depends on the comfortness. When EVs brakes, the deceleration of EVs changes, so the change rate of the deceleration of EVs is used to evaluate the comfortness of EVs. The evaluation index is mainly measured by the braking strength. And braking strength and braking deceleration are directly related, that is:
Where g is acceleration of gravity. The braking strength is determined by the stroke of the pedal [1] .
Where a is longitudinal deceleration of EVs; du/dt is braking deceleration; da/dt is the change rate of deceleration.
The smaller the deceleration, the better the comfortness. If the change rate of deceleration is not more than 10m/s (the maximum change rate that the human body can bear within the comfortness range), the distribution strategy is better [4, 5] .
Simulation and analysis
Let EVs start braking at the initial speed of 34.8m/s, and the braking strength increases uniformly from 0 to 0.8 in 8 seconds, sampling every 0.2 seconds. In the simulation, the braking performance should be considered in accordance with the following principles. When z<0.1 , braking strength has little effect on comfortness, and braking force should be provided by motor as far as possible.; when 0.1 z 0.5  ,this is a medium intensity brake, comfortness should be the main factor, the change rate of deceleration should be reduced by reducing the braking force of motor properly; when z 0.5  , this braking strength is high, the braking efficiency is the first consideration and comfortness is a secondary factor. The distribution of braking force of front and rear wheels should be carried out along the ideal distribution, that is, the adhesion coefficient of front and rear wheels should be close to the braking strength.
As can be seen from figure 3 , the distribution of braking force obtained by optimization meets the requirements of ECE regulations. When z 0.5  , the front axle utilization coefficient is as large as possible under the requirement of regulation, that is, maximize the braking force provided by the front wheel, so as to effectively improve comfortness; when z 0.5  ,the adhesion coefficients of front and rear wheels are close to the braking strength, which can ensure the braking efficiency of EVs.
Figure 3 Optimal allocation of utilization coefficient curve
As can be seen from figure 4, when z 0.14  , the friction braking force of the rear wheel is almost zero, and the required braking force is completely provided by the front wheel. Because the maximum braking force of the motor is large at this time, the braking force of the front wheel is completely assumed by the motor; when 0.14<z 0.28  , although the maximum braking force of the motor is also large, but due to the limitations of regulations, the rear wheel must provide a certain amount of friction braking force; when 0.28<z 0.5  , in order to make the distribution of braking force between front and rear wheels as reasonable as possible, the force which cannot meet the braking demand is compensated by the mechanical friction braking force of rear wheels without affecting comfortness; when z>0.5 , the braking force of front and rear wheels has been adjusted to a large extent to meet the requirements of braking efficiency and comfortness; when z>0.7 , the braking force of motor was reduced to 0, and the front wheel braking force was completely provided by mechanical friction.
Figure 4 Optimal distribution of braking force

Simulation results of road surfaces
According to the requirements of the regulations, the initial speed is 50km/s, and the braking mode is emergency braking. The simulation results are as follows.
Figure 5 Regulatory simulation of braking strategy
The simulation results of the braking strategy are shown in figure 5 . Figure 5 shows that the braking distance is 16.3m less than 19.0m, the maximum average deceleration is 6. m/s of parallel braking. It can be seen from the graph that the parking time of the series strategy is 2.04s shorter than that of the parallel strategy, and the braking distance of the series strategy is 9.34m shorter than that of the parallel strategy. The series control strategy is better.
Experiment based on comfortness
By measuring the vibration of EVs, analysing and optimizing the braking force, comfortness of the braking system of EVs can reach the standard level or even better. And comfortness of the whole vehicle can be evaluated by the vibration of each measuring point of EVs.
The experimental instruments include DEWESOFT data acquisition instrument, speed sensor, current and voltage sensor, three axis cushion accelerometer. The object of the experiment is EVs. During the experiment, the parameters of EVs are collected, including voltage and current signal of battery and motor, brake pedal signal, EVs speed signal, vibration acceleration signal of cushion.
The experimental results are shown in figure 7 . The experimental results show that the braking strategy has good comfortness. The results are the same as the simulation results, which shows that it is feasible for EVs 
Conclusions
Automobile has made a great contribution to the convenience of human life. However, with the development of society and the improvement of automobile usage, serious environmental and human survival problems have arisen. Air pollution and energy shortage have become hot issues [6] . Based on such problems, EVs have been invented by human beings. Because of its advantages of zero emission, high efficiency, safety and so on, EVs have been greatly developed and attracted wide human attention. But there are still many problems to be solves, such as energy and comfortness issues. The braking comfortness of EVs is one of the concerns of human beings.
This paper is a study of comfortness of CBS for EVs.
For EVs, because of the addition of regenerative braking, its braking system is composed of mechanical friction produced by hydraulic braking system and electrical braking force produced by electrical regenerative braking system. And comfortness is one of the main properties of EVs. During braking, the fluctuation of deceleration should be avoided as far as possible, so as to improve comfortness. Based on comfortness, this paper presents a distribution of braking force control logic. Based on the coupled braking system, the electric vehicle model is established by using AMESim software. The simulation results show that the distribution strategy of braking force meets the requirements of regulations and ensures the effectiveness and comfortness of braking through the co-simulation platform. And the simulation results on the gravel pavement show that the distribution strategy of braking force not only meets the requirements of regulations, but also has better braking efficiency of the series control strategy than the parallel control strategy. And the feasibility of the braking force distribution strategy is verified by experiments.
